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The complex electronic properties of ZrTe5 have recently stimulated in-depth investigations that assigned
this material to either a topological insulator or a 3D Dirac semimetal phase. Here we report a comprehensive
experimental and theoretical study of both electronic and structural properties of ZrTe5, revealing that the bulk
material is a strong topological insulator (STI). By means of angle-resolved photoelectron spectroscopy, we
identify at the top of the valence band both a surface and a bulk state. The dispersion of these bands is well
captured by ab initio calculations for the STI case, for the specific interlayer distance measured in our x-ray
diffraction study. Furthermore, these findings are supported by scanning tunneling spectroscopy revealing the
metallic character of the sample surface, thus confirming the strong topological nature of ZrTe5.
The discovery of topological insulators (TIs), character-
ized by metallic spin-polarized surface states connecting
the bulk valence and conduction bands [1], has stimulated
the search for novel topological phases of matter [2–6].
ZrTe5 has recently emerged as a challenging system with
unique, albeit poorly understood, electronic properties [7–
17]. Magneto-transport [11], magneto-infrared [13] and op-
tical spectroscopy [14] studies describe ZrTe5 in terms of a
3D Dirac semimetal. Theoretical calculations have predicted
its bulk electronic properties to lie in proximity of a topologi-
cal phase transition between a strong and a weak TI (STI and
WTI, respectively), where only the former displays topologi-
cally protected surface states at the experimentally accessible
(010) surface [10]. The monolayer is also computed to be a
2D TI [10] and scanning tunneling microscopy/spectroscopy
(STM/STS) experiments suggest the existence of topologi-
cally protected states at step edges [18, 19]. However, the
unambiguous identification of the topological phase of ZrTe5
is still lacking.
In this Letter we report on the STI character of the bulk
ZrTe5 by combining ab initio calculations and multiple ex-
perimental techniques, at temperature both above and below
the one of the resistivity peak, T∗ ∼ 160 K [7–9, 15]. Angle-
resolved photoelectron spectroscopy (ARPES) experiments in
the ultraviolet (UV) and soft x-ray (SX) energy ranges reveal
the presence of two distinct states at the top of the valence
band (VB). On the basis of photon energy dependent studies,
we ascribe the origin of these two states to the bulk and crys-
tal surface, respectively. We have performed ab initio calcula-
tions of the topological phase diagram of ZrTe5, as a function
of the interlayer distance b/2. Our measured band dispersion
is in agreement with the calculations and it is consistent with
the STI case for b/2 = 7.23 ± 0.02 A˚. This value has been
confirmed for our specimen by x-ray diffraction (XRD) mea-
surements. Furthermore, the 3D Dirac semimetal phase is not
protected by crystalline symmetries, and it manifests only for
the specific b/2 = 7.35 A˚ at the boundary between the STI
and the WTI phases. Finally, STM-STS experiments confirms
the metallic character of the surface termination of the bulk
ZrTe5. Altogether our results indicate that ZrTe5 is a STI
both above and below T∗, in proximity to the WTI phase.
High quality ZrTe5 single crystals have been grown by va-
por transport technique [20]. The UV ARPES measurements
have been carried out at the APE beamline, at the Elettra syn-
chrotron, at ∼ 210 K with linear horizontal (LH) polarization
in the energy range 20-36 eV, with energy and angular res-
olution better than 20 meV and 0.2 ◦, respectively. The SX
ARPES experiments have been carried out at the ADDRESS
beamline [21], at the Swiss Light Source, Paul Scherrer Insti-
tute, Switzerland. The photon energy dependence has been
investigated for both LH and vertical (LV) polarizations in
the energy range 310-510 eV, with energy and angular res-
olution varying between 60 - 70 meV and 0.07 ◦, respectively.
In this set of measurements the sample temperature was kept
at ∼ 15 K in order to suppress Debye-Waller-like reduction of
the coherent spectral weight [22]. Single crystal x-ray diffrac-
tion (XRD) measurements have been performed for 8.85 keV
photon energy at the Elettra storage ring XRD1 beamline.
Diffraction patterns have been collected in the temperature
range 100 - 300 K. The STM and STS experiments have
been performed on in situ-cleaved samples in a UHV cham-
ber equipped with an Omicron Cryogenic STM, operating in
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FIG. 1: (a) Crystal structure of ZrTe5. (b) and (c) UV ARPES
measurements along the chain direction ka, for 23.5 and 29 eV cor-
responding to ΓX and YX1. At Y two states are observed, one cross-
ing EF and the other forming a M-like shape reaching its maximum
below EF. (d) Zoom at EF measured at 22 eV where the two states at
the top of VB are more clearly resolved. (e) Calculated momentum
resolved bulk density of states projected on the (010) surface (blue)
and momentum resolved surface density of states at the (010) surface
(red), for b/2 = 7.23 A˚. The surface state is more clearly visible in
the zoom at EF in the inset.
constant-current mode at 10 K. The STS measurements were
recorded using a lock-in amplifier with a modulation voltage
of 5 mVrms and a modulation frequency of 687 Hz. The
bias voltage is given with respect to the sample. Ab initio
calculations have been carried out, for the crystal lattice pa-
rameters taken from Ref. [23], within the density functional
theory (DFT) framework employing the generalized gradi-
ent approximation (GGA) as implemented in the QUANTUM
ESPRESSO package [24]. Spin-orbit effects were accounted
for using fully relativistic norm-conserving pseudopotentials
[25].
Figure 1 (a) shows the ZrTe5 orthorombic crystal struc-
ture, with Cmcm (63) space group symmetry. The ZrTe5
natural cleavage plane results from two ZrTe3 chains oriented
along the a crystallographic direction. Each chain is formed
by prisms with Zr (teal) and Tea and Ted (black) atoms at the
apex and at the base of the prism, respectively. The chains are
connected by Tez atoms along the c axis, with a = 3.99 A˚ and
c = 13.73 A˚, as determined by x-ray powder diffraction [23].
Each crystal cell contains two ZrTe5 planes piled along the b
axis. For this reason we indicate the interlayer distance with
b/2, whose value of 7.25 A˚ reported in the literature [23] well
matches our experimental finding, as it will be described later.
Figure 1 (b) and (c) show the UV ARPES measurements
along the chain direction, ka, for two photon energies cor-
responding to the ΓX and YX1 high symmetry directions of
the 3D Brillouin zone (BZ), respectively. In Fig. 1 (b), VB
disperses almost linearly at the Γ point, with a small charge
FIG. 2: (a) Band gap at Γ as a function of the interlayer distance d.
(b) X-ray diffraction intensity measured at 300 K. (c, d) Calculated
band structure of bulk ZrTe5 for the experimental interlayer distance
b/2 = 7.23 A˚ and an enlarged interlayer distance of 7.5 A˚, respec-
tively. Green and blue colors indicate the weight of the states on the
Ted and Tez p orbitals. The inset shows a closeup in the bulk gap
region at Γ. (e - g) Schematic band diagram at Γ and Y in the ka
direction for the STI phase (e), the Dirac semimetal phase (f) and
the WTI phase (g), with (black line) and without (red line) spin-orbit
coupling.
carriers density at the Fermi level (EF). In Fig. 1 (c), we
observe additional spectral weight for E− EF = 0.1 eV, for
wave-vectors smaller than the one of the linearly dispersing
state, as indicated by a black arrow. The first state still dis-
perses linearly across EF. The second state reaches its maxi-
mum below EF, and its dispersion deviates from linear, form-
ing a M-like shape. The dispersion of two distinct states is
better conveyed by Fig. 1 (d). It shows a zoom at EF for
a different wave-vector orthogonal to the sample surface kb,
whose value is indicated by color lines in Figure 3 (a) and (b).
Two states are clearly resolved at the top of VB. One has
bulk character (BVB), as it displays a kb dependence evolving
from a linear dispersion at the Γ point to a M-like shape at
the Y point. The second state disperses linearly crossing EF
with no appreciable photon energy dependence. Hence, its
2D character is consistent with the behavior of a surface state
(SS). The presence of two nearly degenerate states at the top of
BVB has been reported both above and below T∗ (see suppl.
information [26]).
These results shed new light on two recent transport studies
[16, 17]. The former shows two states with semiconducting
and semi-metallic behaviors [16], the latter proposes the si-
multaneous existence of surface massless and bulk massive
Dirac particles in ZrTe5 [17].
The measured band structure is well reproduced by ab initio
calculations, as shown in Figure 1 (e). The projected bulk
band structure (blue area) captures the evolution of BVB from
linear to the M-like shape. More importantly, a surface state
(red line) disperses within the band gap, as enhanced in the
inset, by zooming a small region across EF.
When ad hoc measured crystal structure parameters are
used, DFT calculations predict that ZrTe5 is a STI. When the
spin-orbit coupling is not taken into account, conduction and
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FIG. 3: Photon energy dependent study of ZrTe5. (a), (b) UV ARPES constant energy map (CEM) in the (ka, kb) plane. The CEMs
correspond to −130 and −50 meV, respectively. (c) and (d) ARPES images with black and blue lines indicating the energy of the CEM of
panel (a) and (b), respectively. In (a), two contours are resolved: a 3D pocket centered at the Y points associated to BVB and 2D lines associated
to SS. (e) and (f) CEM from the SX ARPES study with LV and LH polarization, respectively. (e) BVB contours with 3D bulk dispersion are
visible, reproducing the results of (a). (f) Only open contours associated to SS are visible, thus indicating the different symmetries of BVB and
SS. Green dashed lines indicate the 2D open contour of the surface state in (f).
valence bands are degenerate along a nodal line in the ky = 0
plane. Spin-orbit coupling breaks this degeneracy resulting in
a STI phase with a band inversion at Y. The product of pari-
ties of the valence band states at the Y point kY = ( 12 ,
1
2 , 0) is
reversed with respect to the other time-reversal invariant mo-
mentum (TRIM) k-points which indicates that the Z2 topo-
logical invariants are (1, 110). Upon increasing the interlayer
distance b/2, the gap at Γ decreases, closes and reopens (see
Fig. 2 (a) ) in a phase where the product of parities of the
valence states at Γ is reversed and ZrTe5 is a WTI with in-
variants (0, 110). The observation of a topological phase tran-
sition is in agreement with the results in Ref.[10]. At the tran-
sition between the weak and strong phases, for b/2 = 7.35 A˚,
the gap at Γ is closed and ZrTe5 lies in a Dirac semimetal
phase. However, it is of paramount importance to note that
this Dirac semimetal phase requires a fine tuning of the in-
terlayer distance. Figure 2 (b) shows the results of our x-ray
diffraction study at 300 K. The experimental value of the in-
terlayer distance b/2 = 7.23± 0.02 A˚. The interlayer distance
monotonically decreases as the temperature is lowered in the
range from 300 to 100 K (see suppl. information [26]). This is
consistent with a previous XRD study [23], indicating that the
ZrTe5 sample investigated in our work lies in the STI phase
at temperatures both above and below T∗.
The band structure of ZrTe5 in the strong phase obtained
from the experimental structure, and in the weak phase, as ob-
tained for a strained structure with b/2 = 7.5 A˚, are shown in
Fig. 2 (c) and (d), respectively. The band inversion taking
place at Γ during the topological phase transition can be high-
lighted by computing the weight of the states on the p orbitals
of the Ted and Tez atoms, indicated by blue and green colors
in Fig. 2 (c - d), respectively. The three topological phases
differ by their dispersion along the ka direction at the TRIM
points Γ and Y as illustrated by the schematic band diagrams
in Fig. 2 (e - g), with (black lines) and without (red lines)
spin-orbit coupling (SOC). While for each phase the disper-
sion around Y is M-shaped, the dispersion around Γ changes
from parabolic in the strong topological phase to a M-shaped
dispersion, reflecting the presence of a band inversion, in the
weak topological phase.
In order to correctly determine the dimensionality of SS and
BVB, we carried out a photon energy dependent study of the
ZrTe5 band structure. Figure 3 (a) and (b) shows two constant
energy maps (CEMs) in the plane formed by the chain direc-
tion, ka, and the surface orthogonal, kb. Similar results for the
(ka, kc) planes are discussed in the suppl. information [26].
The CEMs are extracted at −130 and −50 meV, respectively.
These values correspond to energies immediately below (a)
and above (b) the maximum of BVB at the Y point, as shown
by the black and blue lines traced on the ARPES image of Fig.
3 (c) and (d). In Fig. 3 (a) and (b) dashed colored lines indi-
cate the positions of the band dispersion shown in Fig. 1. In
Figure 3 (a) we identify two contours: the first contour forms
a closed pocket centered at the Y point, it arises from BVB
and its kb dependence clearly reflects the bulk character of
the state. The second contour is open, it arises from SS and
it shows negligible kb dispersions. In Fig. 3 (b), for energies
larger than the maximum of BVB at Y, only non-dispersing
open contours are resolved.
The longer photoelectron mean free path in SX ARPES pro-
vides a more accurate mapping of 3D periodicity of the BVB
dispersion [27], as shown in Fig. 3 (e), displaying the SX pho-
ton energy scan for LV polarization. In this dataset the bind-
ing energy of the CEM is −50 meV, which corresponds to
the same energy position of panel (a) with respect of the band
structure, owing to the temperature dependent energy shift of
the band structure [15, 19], (see suppl. information [26]). We
resolve clearly the BVB state with 3D dispersion, with three
replica along kb well reproducing the data of Fig. 3 (a).
Furthermore, it is interesting to notice the different origin
of BVB and SS, which is ensured by their different response
to the photon polarization. In fact, figure 3 (f) shows a photon
energy scan performed under the same experimental condi-
tions of Fig. 3 (e), but with LH polarization. The 3D bulk
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FIG. 4: (a) Atomic-resolution STM image of the ZrTe5 surface
(8 nm × 8 nm). Image conditions: V = -300 mV, I = 300 pA. (b)
dI/dV spectrum on the ZrTe5 surface. Set point: V = 0.15 V, I = 0.3
nA, Vmod = 5 mV. Inset: detail of the same spectrum, plotted in the
± 50 mV range, (c) and (d) STM topography image of the ZrTe5
surface (120 nm × 13 nm) recorded at V = 10 mV and V = -20 mV
respectively, I = 250 pA.
pockets associated to BVB are not visible anymore and only
the open contours associated to SS are still present, indicated
by the green dashed lines. Accordingly to the SX ARPES ge-
ometry, this effect can be interpreted as a consequence of the
different symmetries of BVB and SS, being the former even
and the latter odd, with respect to the ZrTe5 symmetry plane.
The different matrix element effects between the UV and SX
ARPES results reflect the two different experimental geome-
tries (see suppl. information [26]).
We completed the occupied band structure mapping by per-
forming STM/STS investigations. This allows to directly ac-
cess both the occupied and unoccupied DOS, below and above
EF. High-resolution STM images show the atomic structure
of the ZrTe5 surface as chains of protruding pairs, separated
by apparently monoatomic lines, as depicted in Fig. 4 (a).
According to our ARPES results, the top of BVB lies in prox-
imity of EF. Hence, in order to obtain insight about the con-
ductivity in the bulk band gap, we performed STS in a low
bias voltage range. Fig. 4 (b) presents the dI/dV spectrum in
the± 150 meV range. The negative energy values correspond
to the occupied states. Within this range, the curve appears to
be characterized by a monotonic decrease/increase of conduc-
tivity with a minimum at around −15 mV, as clearly seen in
the inset of the Fig. 4 (b), which represents a plot of the same
spectrum in the ± 50 mV range.
Remarkably, within our experimental resolution, the con-
ductivity of the sample never vanishes. To further elaborate on
the latter point, we performed STM imaging at very low volt-
age bias, as depicted in Fig. 4 (c) and (d). Both below (−20
mV) and above (+10 mV) EF, we are able to image the atomic
stripes of the ZrTe5 structure, even over areas which are larger
than 100 nm. Furthermore, the observation of standing waves
in the dI/dV conductance maps in proximity of step regions
(see the suppl. information [26]) suggests that the metallic
DOS at EF arises from a two-dimensional surface state.
In conclusion, in this Letter we report a comprehensive ex-
perimental and theoretical investigation of the electronic and
structural properties of the bulk ZrTe5. Altogether, we show
that ZrTe5 is a bulk STI both above and below the temper-
ature of the resistivity peak T*. It lies near a topological
phase transition to a WTI phase that can be triggered by an
increase of the interlayer distance. This observation recon-
ciles the recent conflicting results about the topological char-
acter of ZrTe5 [11–19]. Importantly, ZrTe5 is not a 3D Dirac
semimetal, as this phase is not protected by crystalline sym-
metry and can only be realized precisely at the topological
phase transition. Nonetheless, the band dispersion is close to
a 3D Dirac semimetal thus explaining the recent optical and
electron transport measurements [11–14, 16, 17]. The close
vicinity to the topological phase transition suggests the pos-
sibility of engineering the topological phase by a small vari-
ation of the interlayer distance, entering in the WTI phase.
This can be achieved by changing the concentration of de-
fects, that may vary depending on the growth conditions, thus
also accounting for the experimental observation of different
T* in different studies [11, 15, 28, 29] . The topological phase
transition may also be achieved in a controlled way either via
alkali metal intercalation, as exploited for decoupling MoS2
single layer [30], or via chemical substitution. This will re-
quire further ARPES investigations of ad hoc grown samples
with controlled doping and/or defect density. Finally, the ob-
served monotonic decrease of b/2 as a function of temperature
suggests that, once the WTI phase is achieved, transition to
the STI phase can be controlled by temperature, thus making
ZrTe5 a versatile platform for spintronics applications.
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